Sweet potato (Ipomoea batatas L.) is cultivated in many countries, and its edible root is eaten after cooking in various ways. In Japan, sweet potato is mainly harvested in autumn and distributed until the following summer with storage at constant temperature and humidity. Sweet potato has abundant phenolic compounds, such as caffeic acid and its derivatives, 1) whose efficacious antioxidant and antimutagenic functions are expected to provide a number of health benefits. 2, 3) On the other hand, phenolic compounds in sweet potato have been known to be responsible for enzymatic and non-enzymatic darkening. 4, 5) Darkening of processed sweet potatoes is a serious problem because it degrades the quality of the product. Enzymatic darkening of plants is caused mainly by polyphenol oxidase (PPO) at the point where cells have been broken by cutting, peeling, or grating. Brown pigments are produced by complex reactions between PPO, phenolic compounds, amino acids, and oxygen. Shengxue et al. reported that enzymatic darkening of sweet potatoes can be prevented by water blanching, 6) but significant darkening usually does not occur inside the sweet potato, and the behavior of phenolic compounds during cooking or processing is unclear. There are reports on the loss of phenolic compounds during cooking in some crops. [7] [8] [9] Most reports indicate that phenolic compounds do not change during cooking, although there is some physical loss, such as elution to the boiling water. In this study, we traced phenolic compounds in fresh and long-stored sweet potato during several treatments of model cooking and processing, and found decreases and changes in them.
Materials and Methods
Sweet potatoes. Sweet potatoes (cv. Beniazuma) 3 to 5 cm in diameter were purchased at a supermarket in Ibaraki Prefecture in July and November, 2004. Some were freeze-dried using a freeze dryer FDU-830 (Tokyo Rikakikai, Tokyo), including the peel, and milled to prepare a uniform powder.
Chemicals. 5-CQA (chlorogenic acid) and caffeic acid were purchased from Nacalai Tesque (Kyoto, Japan).
-D-fructofuranosyl 6-O-caffeoyl--D-glucopyranoside (FCG), 3-CQA, 4-CQA, 3,4-CQA, 3,5-CQA, and 4,5-CQA were separated and purified from sweet potato in the way described below. All other chemicals were of analytical grade.
Boiling model and rapid heating model of sweet potato. Whole sweet potatoes were cut into cube-shaped blocks (1:5 Â 1:5 Â 1:5 cm 3 ) from the center of each potato. Each cube was then heated with an electric cooker in 50 ml distilled boiling water in a glass beaker y To whom correspondence should be addressed. Food Processing Laboratory, Food Engineering Division, National Food Research Institute, 2-1-12 Kannondai, Tsukuba, Ibaraki 305-8642, Japan; Fax: +81-29-838-8122; E-mail: tknk1221@nfri.affrc.go.jp for 2, 5, 10, 20, 30, or 60 min. To heat the powdered sweet potatoes, 1.5 ml of distilled water (100 C) was added to a screw-capped test tube containing 100 mg of powdered sweet potato previously heated to 100 C for 1 min. Each mixture was heated for 5, 10, 15, 30, or 60 min in a block heater set at 105 C.
Boiling of 5-CQA and 3,5-CQA. Each 1 mg of 5-CQA (chlorogenic acid, Nacalai Tesque) and 3,5-CQA prepared from sweet potato was dissolved in 10 ml of water. The solution was put in a glass flask, which was stoppered and heated for up to 60 min in a water bath set at 100 C. Portions of the solution, 150 ml each, were periodically collected during heating. The collected solutions were immediately cooled in ice and used for HPLC measurement.
Milling model of sweet potato without heat. Sweetpotato powder (100 mg) and distilled water (1.5 ml) were mixed in screw-capped test tubes and left for 1, 2, 3, 4, 5, 10, 20, 30, and 60 min at room temperature (25 C).
Evaluation of PPO-inhibiting effect of ascorbic acid. Sweet-potato powder (100 mg) and 1.5 ml of 1, 10, and 100 mM L-ascorbic acid aqueous solutions were mixed in screw-capped test tubes and left for 30 and 60 min at room temperature (25 C).
Extraction of phenolic compounds. After boiling of a cube-shaped block of sweet potato, boiling water and the cube were separated out and cooled respectively. Distilled water was added to the boiling water to make up to 50 ml. The cube was homogenized in 15 ml of 80% methanol. The homogenate was centrifuged (1;500 Â g, 10 min), and the precipitate was washed with 80% methanol two more times. The supernatants were collected, 80% methanol was added to make up 50 ml, and the solution was filtered with a cartridge filter (Cosmonice filter W, pour size 0.45 mm, Nacalai Tesque) and used for HPLC. For powdered sweet potato, after the suspension of powder and water was heated or left standing for 0 to 60 min, 2 ml of methanol was added to the test tube, stirred, and centrifuged (1;500 Â g, 10 min). The precipitate was washed with methanol three more times. The supernatants were collected, and methanol was added to make up 50 ml. The samples in ascorbic acid aqueous solution were treated in the same way. Treatment of each extract before HPLC analysis was done as described above.
HPLC analysis. Each extract was applied to HPLC (Waters, Milford, MA) consisting of a 600E multi solvent delivery system and a 2487 dual wavelength absorbance detector using a 5C18-MS Cosmosil packed column (4:6 Â 15 mm, Nacalai Tesque). Phenolic compounds were eluted with a linear gradient of acetonitrile (0 to 50%) in 10 mM phosphoric acid aqueous solution for 30 min at a flow rate of 1.0 ml/ min, and detected at 326 nm.
Purification of caffeic acid derivatives. Freeze-dry powder of raw sweet potato (100 g) was extracted with methanol (300 ml). The extract was concentrated in vacuo to 10 ml and charged on an open column of Cosmosil 140C18 (5 Â 20 cm, Nacalai Tesque). The column was eluted with 20% methanol and 40% methanol after being washed with water (500 ml). The fractions of 20% methanol (500 ml) and 40% methanol (500 ml) were concentrated in vacuo, and major six components which had maximum absorbance at 326 nm were separated by preparative HPLC using a 5C18-MS Cosmosil packed column (20 Â 250 mm, Nacalai Tesque) with water/acetic acid/methanol. Each fraction was concentrated in vacuo and freeze-dried to give a colorless powder (1-30 mg). Further two components were separated from steamed sweet potato. Sweet potato (200 g) was cut to a thickness of 1 cm, steamed for 10 min, and homogenized in methanol (300 ml). The homogenate was filtered with no. 5B filter paper (Kiriyama, Tokyo). The methanol extract was treated in the way described above, and two major compounds which had maximum absorbance at 326 nm other than the major six caffeic acid derivatives in raw sweet potato were separated (each 10 mg).
Identification of caffeic acid derivatives. 5-CQA and caffeic acid were identified with the retention times of standard compounds on HPLC. As for compounds other than 5-CQA and caffeic acid, 1 H NMR spectra were recorded by DRX600 and AVANCE800 spectrometers (Bruker, Karlsruhe, Germany), operating at 600.13 and 800.13 MHz for proton, dissolving in CD 3 OD.
Results and Discussion
Major six phenolic compounds in raw sweet potato were identified as FCG, 5-CQA, caffeic acid, 4,5-CQA, 3,5-CQA, and 3,4-CQA. The two further compounds from heated sweet potato were identified as 3-CQA and 4-CQA. The 1 H NMR spectra of FCG and the caffeic acid derivatives were consistent with the spectra previously reported by Mingfu et al. 10) and Clifford et al. 11) respectively. When blocks prepared from fresh sweet potatoes purchased in November were heated in boiling water, caffeic acid derivatives, especially 5-CQA and 3,5-CQA, decreased considerably in the early stage of heating ( Fig. 2A) . Part of them was eluted to boiling water as the boiling time increased, but their total amounts in boiling water and boiled potato decreased (Fig. 2B) . The amount and composition of caffeic acid derivatives in long-stored sweet potatoes purchased in July were considerably different from the fresh potato, and their behavior during heating was also different ( Fig. 2A-D) . The major caffeic acid derivatives in fresh potatoes were 5-CQA and 3,5-CQA. In the long-stored potatoes, FCG accounted for the highest content, and the amounts of 5-CQA and 3,5-CQA were much lower than in the fresh potatoes. FCG has been reported to be one of the antioxidative phenolic glycosides of sage (Salvia officinalis).
10) It is assumed that FCG accumulated during storage of sweet potatoes, being converted from other phenolic compounds involving sucrose. In both classes of potatoes, 3-CQA, 4-CQA, 3,4-CQA, and 4,5-CQA increased slightly as boiling time increased, but the caffeic acid content hardly changed.
To investigate the heating stability of 5-CQA and 3,5-CQA separately, they were dissolved in water and heated at 100 C. Both were quite stable in boiling water (Fig. 3) . This result indicates that 5-CQA and 3,5-CQA were not decomposed by wet heating at about 100 C. There must be another reason besides decomposition by heating for the decreases in them. One possibility is enzyme reaction. It is known that many plants contain PPO, and when the plant tissue is damaged, the enzyme and phenolic compounds react to produce a brown pigment. Powdered sweet potato was used for the detailed investigation to avoid differences among the individual parts of the sweet potato and to guarantee temperature control.
When powdered sweet potato was heated in water at 100 C, there was a gradual decrease in 5-CQA and 3,5-CQA, and a simultaneous increase in 3-CQA, 4-CQA, 3,4-CQA, and 4,5-CQA, but the total amount of caffeic acid derivatives hardly changed during heating (Fig. 4) . Enzyme reaction should not have occurred because the temperature in this rapid heating model was controlled at about 100 C from the start. The reason for the difference in the initial concentration of caffeic acid derivatives between the powder and block samples might be that the powdered sweet potato was prepared from the whole body and the block type from the center part. Sweet potato contains more phenolic compounds in the outer part than in the center. 12) Considering the water content in a sweet potato (around 68%), the concentration of phenolic compounds was much smaller in the center part than in the outer circumference (Figs. 1 and  3) . In long-stored sweet potatoes, the proportion of FCG to other caffeic acid derivatives was very high in the intact block sample (76%) as compared with the powder sample (19%), which indicates that FCG accumulated in the center part during storage. As the heating time increased, 3-CQA, 4-CQA, 3,4-CQA, and 4,5-CQA (isomers of 5-CQA and 3,5-CQA) increased. Perhaps they were derived from 5-CQA, 3,5-CQA. However, when 5-CQA and 3,5-CQA were heated separately at 100 C, no isomerization was observed (Fig. 3) . It is assumed that some factors other than heat are involved in isomerization. Since sweet potatoes are usually cooked as a whole body, or a larger piece if they are cut, a decrease in phenolic compounds might occur by the enzyme reaction with PPO in the plant body when they are heated.
Experiments were conducted to support the possibility of an enzyme reaction. When powdered sweet potato dissolved in water was left at room temperature (25 C), caffeic acid derivatives decreased considerably (Fig. 5) . The rate of decrease appeared to be greater in this milling model than in the rapid heating model. This shows that phenolic compounds in the sweet potato are decreased just by milling or grinding in the raw state. In this milling model, 3-CQA, 4-CQA, 3,4-CQA, and 4,5-CQA did not increase, which indicates that heat is one of the factors causing isomerization. Yamaguchi et al. reported that total phenolic compounds in burdock and lettuce drastically decreased in a heatless processing model using freeze-dried powder and water, and that this was due to PPO. 13) When powdered sweet potato dissolved in different concentrations of ascorbic acid aqueous solution (1, 10, and 100 mM), which is known to inhibit PPO by reducing power, 4, 14) was left at room temperature, the total amount of caffeic acid derivatives in the 100 mM solution did not change after 60 min. However, in the 1 mM solution, it decreased to less than half of the initial amount after 60 min in both fresh and long-stored potatoes (Fig. 6) . This result supports the occurrence of an enzyme reaction. Phenolic compounds and PPO originally exist separately in different organelles in a plant cell. 15) When the plant is heated, the cell and organelles can sustain damage, causing phenolic compounds and PPO to meet and react, and parts of the phenolic compounds are isomerized. When sweet potatoes are cooked whole or in larger pieces, heat is gradually transmitted from the surface to the inside, and an enzyme reaction progresses gradually. PPO in a sweet potato loses its activity at temperatures above the deactivation point (60 to 80 C). 4) The behavior of phenolic compounds during cooking of the sweet potato is influenced by heat transition; i.e., they can react with the enzyme, since organelles around phenolic compounds and PPO sustain damage until the enzyme is deactivated.
In some agricultural products that contain phenolic compounds and PPO, these can react more or less during cooking or processing. As a result, phenolic compounds decrease. This can be prevented by controlling temperature, but sufficient activity of -amylase while cooking sweet potatoes produces more maltose and an agreeable sweetness. 16) This is also related to the temperature history as well as PPO-related reactions. In cooking or processing foods, there are many points to be considered with respect to food properties, and we should evaluate and prioritize our methods according to food materials and their usage. C. The concentration is calculated as from 1 g powder. , in 100 mM ascorbic acid; , 10mM ascorbic acid; , 1mM ascorbic acid; n ¼ 3.
